Clostridium difficile infection has emerged as a growing worldwide health problem. The colitis of Clostridium difficile infection results from the synergistic action of C. difficile secreted toxins A and B upon the colon mucosa. A human monoclonal IgG anti-toxin has demonstrated the ability in combination therapy to reduce mortality in C. difficile challenged hamsters. This antibody is currently in a clinical trial for the treatment of human Clostridium difficile infection. More than one group of investigators has considered using polyclonal bovine colostral antibodies to toxins A and B as an oral passive immunization. A significant proportion of the healthy human population possesses polyclonal antibodies to the Clostridium difficile toxins. We have demonstrated that polyclonal IgA derived from the pooled plasma of healthy donors possesses specificity to toxins A and B and can neutralize these toxins in a cell-based assay. This suggests that secretory IgA prepared from such pooled plasma IgA may be able to be used as an oral treatment for Clostridium difficile infection.
Introduction
Clostridium difficile (C. difficile) infection (CDI) is a serious and growing worldwide health problem. The estimated incidence of C. difficile-infection among patients hospitalized in the U.S. is >300,000 cases annually which is about 25% of all antibiotic-associated diarrhea [1, 2] . Most patients require antimicrobial treatment with metronidazole or vancomycin. Approximately 24% of patients with C. difficile colitis do not respond favorably to the standard treatment of metronidazole or vancomycin and will suffer a relapse [3] . Consequently, the development of alternative therapeutic approaches to combat this infection are urgently needed [4, 5] .
The colitis of Clostridium difficile-associated disease results from the synergistic action of C. difficile secreted toxins A (CdtA) and B (CdtB) (also commonly referred to as TcdA and TcdB, respectively) upon the colon mucosa [6] [7] [8] [9] . Together, the toxins disrupt cell-cell tight junctions of the colon thereby allowing the bacterium to adhere to the underlying colon tissue and feed upon the nutrients released by the damaged epithelium [10] . Successive rounds of C. difficile colonization, replication and toxin production lead to a vigorous host inflammatory response resulting in further degradation of the gut tissue, the pseudomembranous pathology associated with the diarrhea, and the pain observed in Clostridium difficile-associated disease.
We are developing an orally available polyclonal IgA treatment for C. difficile infection. This report documents the progress that we have made toward the proof of principle for the use of semisynthetic secretory IgA produced by combining plasma-derived IgA dimer and recombinant human secretory component. IgA dimers are required because secretory component does not bind to IgA monomers. Semisynthetic secretory IgA is being developed because it withstands gastrointestinal digestion better than monomeric antibodies which do not contain secretory component.
The advantages of oral immunotherapy with IgA are that the antibodies are delivered to the intestines where the CdtA and CdtB are active, and that treatment is more easily accomplished in outpatients. We believe that such an anti-C. difficile toxin antibody administration in combination with antibiotic treatment will decrease morbidity and death in patients at increased risk.
Human Antibody Responses to C. difficile Toxins
IgG directed against CdtA and CdtB is present in the general population [11, 12] . In general, the three major classes of circulating immunoglobulins (IgM, IgG and IgA) share the same range of antigenic specificities, i.e., they share the same idiotypic determinants [13] . Toxin-specific circulating IgA titers are similar to the titers of toxin-specific IgG [14] . Dimeric IgA is present in plasma [15] [16] [17] . This is important because we propose that IgA derived from the plasma of healthy donors contains IgA with specificity to the C. difficile toxins A and B.
Animal Studies
Animal studies demonstrate that immunity to CdtA and CdtB can be achieved and is protective. Vaccination against Clostridium difficile toxins A and B results in active immunity against C. difficile disease in hamsters [18] . Several studies have demonstrated that passive immunization delivered as an acute treatment after disease onset provides protection against Clostridium difficile-associated disease.
In a hamster disease model, serum antibodies against C. difficile derived from chickens protect hamsters against C. difficile disease after oral administration [19] . Similarly, a human monoclonal IgG anti-toxin has demonstrated the ability in combination therapy to reduce mortality in C. difficile challenged hamsters from 100%-45% in a primary disease model, and from 78%-32% in a relapse disease model [20] . High potency humanized monoclonal antibodies to CdtA and CdtB have been produced and offered protection to 95% of hamsters with CDI while all of the control animals died [21] . Another group has succeeded in preparing monoclonal antibodies against CdtA and CdtB which are multivalent and effectively oligoclonal [22] . Increased valency of monoclonal antibodies may be important in engaging the host response to the antibody after being bound to toxin [23] . Polyclonal antibodies recognize multiple epitopes [24] . These studies of oligoclonal and polyvalent monoclonal antibodies support the contention that polyclonal antibody is likely to be more effective at neutralizing toxin than monoclonal antibody.
Maternal antibodies in breast milk transfer protection against C. difficile ileocecitis to infant hamsters [25] . It has been reported that bovine IgG concentrate from the colostrum of cows vaccinated with C. difficile toxoid protects hamsters against antibiotic-associated cecitis [26] . Administration of an immunoglobulin product containing specific antibodies to C. difficile results in the elimination of C. difficile toxins and also in killing the bacteria within the colon [27] . In another study, bovine anti-C. difficile cells and toxin antibody-enriched whey were administered to hamsters by gavage beginning 3 h before bacterial challenge and then for 3 days subsequently. All of the untreated animals died, while 17 of 20 treated animals survived [28] . In summary, these studies demonstrated that in the hamster model, orally administered allogeneic and xenogeic IgA (in breast milk and whey), and xenogeneic IgG (chicken and bovine) provide protection against Clostridium difficile-associated disease. This subject was reviewed by Hussack and Tanha [29] .
Experience in Humans

Passive Immunization with Intravenous IgG
Polyclonal Human IgG
Passive immunization using human intravenous polyclonal IgG derived from healthy plasma donors has been reported to facilitate treatment in patients with C. difficile disease [12, [30] [31] [32] [33] [34] . This is especially true for patients who lacked circulating antibodies to the C. difficile toxins [30, 34] . There have also been reports that cast doubt on the efficacy of the use of intravenous immunoglobulin treatment of C. difficile infection [35, 36] . This publication record has been reviewed by Hussack and Tanha [29] .
Monoclonal IgG
A recent clinical trial demonstrated that fully human monoclonal antibodies against CdtA and CdtB delivered intravenously in combination with antibiotic therapy reduced the recurrence of C. difficile compared to patients treated with antibiotic therapy and placebo alone [5] . The clinical trial tested the intravenous administration of humanized monoclonal antibodies) (MDX-066 and MDX-1388, also known as CDA-1 and CDB-1, respectively) for the treatment of C. difficile disease. Passive immunization with this parenteral human monoclonal IgG anti-toxin A and B in combination with antibiotic therapy was demonstrated to be efficacious in reducing recurrence of C. difficile disease from 25%-7% [5] . A Phase III study is now in progress. Please see Humphreys and Wilcox [37] for a thorough review of the use of monoclonal antibodies in the treatment of C. difficile infection.
Passive Immunization with Oral Polyclonal Human Immunoglobulins A and G
An early case study of a young child with refractory antibiotic-associated diarrhea and C. difficile toxin A detected in his stools demonstrated the feasibility of a combination therapy of polyclonal plasma IgA admixed with IgG (2:1) (IgAbulin, Immuno AG, Vienna) (100 mg/mL) together with vancomycin. The child improved on this treatment [38] . A similar efficacy was noted in another case report wherein polyclonal IgG derived from pooled human plasma was administered orally to another child with refractory C. difficile diarrhea who had failed treatment with antibiotics and intravenous polyclonal IgG. This child lacked circulating antibodies to C. difficile toxin. The patient received oral polyclonal IgG at 200 mg/kg/day every 2 days for three doses together with courses of oral vancomycin and Lactobacillus. The child had recovered at follow-up evaluation 2 weeks later [39] . These reports demonstrate the efficacy of passive parenteral and oral immunization with pooled immunoglobulins derived from the general population. It appears that polyclonal monomeric circulatory immunoglobulins possess efficacy.
Passive Immunization with Oral Polyclonal Bovine Immunoglobulins A and G
Anti-C. difficile toxin bovine immunoglobulin concentrate derived from bovine colostrums was administered to 11 patients with mild to moderate C. difficile-associated diarrhea. Ten grams were administered four times daily for 10 days, while six patients received placebo. There was no difference in improvement between treatment groups [40] . In another study, bovine antibody-enriched whey was obtained from cows immunized with whole C difficile cells and toxoid [28] . IgG and secretory IgA to C. difficile cells and to toxin A in milk were demonstrated. Sixteen patients who had suffered Clostridium difficile-associated disease, nine of whom had experienced relapsed disease, were studied. They were treated with 5 g of whey given three times daily for 2 weeks following completion of antibiotic therapy. None developed relapsed disease during a median follow-up period of 333 days (range 35-365 days). Stool samples were negative for Clostridium difficile toxin at 1 week after completion of treatment with bovine antibody-enriched whey in 14 of 15 patients. The fifteenth patient's stool became negative for toxin one week later. Recent studies have alternatively revealed response and relapse rates equivalent to that of metronidazole [41] or reduced the relapse rate by 50% [42] . A potential disadvantage of the use of bovine colostrums is that IgG comprises 86% of the antibodies in bovine colostrums [43] . This IgG is subject to digestion when swallowed by humans [44] .
Superiority of IgA to IgG in Vitro
In vitro experiments have demonstrated that polymeric IgA is superior to monomeric IgA and IgG in preventing C. difficile toxin damage to intestinal epithelial cell monolayers [45] . Selective neutralization of C. difficile toxin by serum IgA has also been demonstrated [46] . IgA1 conjugated to secretory component is just as resistant to protease digestion as naturally occurring secretory IgA, which is predominantly of the IgA2 subclass [47] . This work showing the preparation of secretory IgA from human plasma IgA which is predominantly IgA1 has been confirmed and extended [17] . This semisynthetic secretory IgA also resists peptic digestion. Polymeric secretory IgA is likely to be more potent than IgG via the oral route, since it will not be digested. (Table 1) Many patients with relapsed Clostridium difficile-associated disease lack circulating antibodies to the C. difficile toxins [48, 49] . Such patients appear most likely to benefit from passive immunization with intravenous IgG [30, 34] . It is to be expected that increased efficacy will be achieved by oral secretory IgA as compared to oral monomeric IgA and IgG because of the propensity of monomeric immunoglobulins which are not protected by secretory component to degrade in the gastrointestinal tract [44] . Orally-administered secretory IgA is likely to have better safety and efficacy than a parenterallyadministered monoclonal IgG. This human secretory IgA will more likely be less immunogenic although xenogenic proteins are commonly eaten without a deleterious immune response. C. difficile toxins are present in the gut lumen, not the systemic circulation, and secretory IgA is much more stable in that milieu than IgG antibodies.
Medical Plausibility for the Treatment of Relapsed C. difficile Infection with Secretory IgA
While demonstrating the promising role of immunoglobulin-based therapy to combat C. difficile associated disease [32] [33] [34] 49, 50, 51] , treatment with an IgG has the disadvantage that IgG must be administered parenterally to avoid digestive degradation. An immunoglobulin therapy administered orally has the advantage of more direct delivery of the neutralizing antibody to the gut. This therapy is possible using secretory IgA, which is resistant to digestive proteolysis [17] .
Current Studies of the Preparation of Anti-C. difficile Secretory IgA from Pooled Human Plasma IgA
There is a need for new non-antibiotic based therapeutic approaches to treat C. difficile infection. We are developing a novel therapeutic approach consisting of an orally administered immunotherapy consisting of polyclonal human secretory IgA (sIgA) formed by combining plasma derived dimeric IgA with recombinant human secretory component. We expect that this will provide a significant clinical advantage over passive immunization with parenterally administered polyclonal and recombinant monoclonal IgG antibodies.
We report the experiments that we have performed while working toward this goal. The starting material is Cohn fraction III precipitate which contains IgA. Cohn fraction III precipitate is a byproduct of the manufacture of intravenous immunoglobulin (IVIg). Tons of Cohn fraction III precipitate are discarded each year. IgA was purified from the Cohn fraction III precipitate by jacalin affinity chromatography [52, 53] . Jacalin is a lectin extracted from the jack bean (Canavalia ensiformis). It binds the galactose side chains present on IgA. The IgA can then be eluted from jacalin affinity columns using 0.1 M galactose in phosphate buffered saline (PBS). Figure 1 shows a diffuse band (Lane C) at the expected MW (160,000 daltons) of monomeric IgA eluted by galactose from jacalin. Figure 2 shows IgA anti-C. difficile Toxin A (CdtA) ELISAs. Figure 2A shows that CFxIII and jacalin eluate demonstrate binding to CdtA by IgA ELISA. Figure 2B shows a titration curve of a recombinant anti-CdtA-specific IgA positive control antibody (from Blaise Corthesy, Lusanne, Switzerland) and jacalin eluate in a CdtA IgA ELISA [45] . This demonstrates that the anti-CdtA binding activity isolated from CFxIII is IgA. The concentration of the monoclonal positive control is in ng/mL while the concentration of the polyclonal IgA is in µg/mL. This is because the polyclonal IgA has specificities to many antigens while the monoclonal IgA is monospecific. The monoclonal IgA not only serves as a positive control for the assay but also provides an estimate of the proportion of total plasma-derived IgA that has anti-CdtA specificity. The advantage of using polyclonal IgA is that it has specificity to all the epitopes, and especially the immunodominant epitopes, present on the CdtA and CdtB molecules. Monoclonal IgA has specificity to only one epitope. The polyclonal IgA can be enriched for the anti-CdtA and anti-CdtB antibody molecules by using CdtA and CdtB affinity column purification. The titer of anti-CdtA and anti-CdtB secretory IgA can be adjusted as needed. Figure 2C shows binding of IgA to CdtB and to CdtA in an ELISA. 
(C)
A typical chromatogram of jacalin purified IgA in our lab revealed that the dimer peak comprised 18% of the total IgA ( Figure 3A) . Figure 3C demonstrates that IgA dimer is present in plasma IgA derived from CFxIII precipitate. The plate was coated with anti-J chain antibody while the secondary antibody was specific for IgA heavy chains. This proves that the protein that bound to the plate contained J chain and IgA and is therefore IgA dimer. The colostral human secretory IgA served as the positive control. The advantage of using semisynthetic secretory IgA derived from a plasma byproduct, rather than human colostral secretory IgA, is that the plasma derived IgA is available in vast quantities (many tons annually) as the byproduct of the production of IVIg.
As shown in Figure 4 , polyclonal IgA neutralizes toxicity of CdtA and CdtB toxins (CellToxGreen, Promega) in the CT26.WT mouse colon carcinoma cell culture (ATCC, Manassas, VA, USA). Figure  5 demonstrates that both dimeric and monomeric IgA bind both to CdtA and CdtB. There is more binding to CdtA by dimeric IgA than by monomeric IgA. There is similar binding to CdtB by dimers and monomers. Figure 6 demonstrates the in vitro preparation of secretory IgA from plasma IgA which contains both monomeric and dimeric IgA. CSL Behring LTD has prepared a similar secretory IgA from their pooled human plasma and has found that it is effective in an animal model of C. difficile infection (personal communication, Blaise Corthesy). We expect that the dosing of such a medication would be lower than the dosing of monomeric IgA given to the pediatric patient described by Tjellstrom et al. [34] . We anticipate the dose to be lower because the secretory IgA is resistant to digestion. We have developed fully scalable proprietary methods for the production of the secretory IgA from Cohn fraction III precipitate. However, it is not possible to adequately understand the cost of production at this early stage of development. Figure 3B . The PAGE gel pictured in Figure 3B was run by Dr. George Konstantinou at the Mount Sinai School of Medicine in New York, NY, USA. Lanes 1 and 6: molecular weight ladder; lane 2: polymer peak; lanes 3 and 4: early and late portions of dimer peak; lane 5: monomer peak. Figure 3C shows the IgA dimer ELISA using IgA antibody derived from the dimer peak shown in Figure 3A . The plate was coated with anti-J chain antibody so only J chain containing dimer binds. The human colostral secretory IgA is a positive control. The experiments performed in the laboratory of Secretory IgA Inc. demonstrate that human plasma derived IgA from healthy donors binds to, and neutralizes CdtA and CdtB. The published work of the CSL Behring IgA research group [17] demonstrate that plasma derived IgA dimer can be transformed into human secretory IgA that is functional. Case reports and published case series suggest that semisynthetic secretory IgA administered orally may be an effective additional treatment for C. difficile disease.
Experimental Section
Process for Obtaining Jacalin Affinity-Purified IgA from Cohn Fraction III Precipitate (CFxIII Precipitate). Cohn fraction III precipitate is a discarded industrial byproduct of the manufacture of intravenous immunoglobulin (IVIg). Each batch is derived from the pooled plasma of 3000-5000 healthy plasma donors. The kg aliquot used in this study was collected from the waste stream of a routinely manufactured batch in 2009. Frozen CFxIII precipitate was suspended in phosphate buffered saline (PBS), and then clarified by centrifugation and filtration (0.22 micron) to remove filter aides (diamataceous earth). IgA was isolated from solvent-detergent (1% tri (N butyl) phosphate, 1% Triton X-100) virus-inactivated CFxIII precipitate by jacalin affinity chromatography [52] . Jacalin binds to IgA via its galactose side chains. IgA is then eluted with 0.1 M galactose. Yields have approached 100% of the available IgA.
Separation of IgA Monomer and Dimer. Jacalin affinity-purified IgA in 0.1 M galactose in PBS, derived from CFxIII precipitate, was placed on a 85.5 cm long Sephacryl 300 size exclusion column on an FPLC (BioCAD Workstation for perfusion chromatography (Applied Biosystems, Foster City, CA, USA)). The monomer and dimer peaks were sufficiently separated to allow collection of pure monomer (trailing portion of the monomer peak) and pure dimer (leading portion of the dimer peak).
Human IgA anti-C. difficile Toxin A ELISA. Human IgA anti-C. difficile toxin A ELISA demonstrates IgA binding to CdtA in CFxIII and jacalin eluate, but not in the jacalin flow-through. High binding ELISA plates were coated with 1 g/mL CdtA (TechLab, Blacksburg, VA, USA), blocked and washed with 0.1% Tween 20 in PBS. After application of positive control mouse/human chimeric IgA anti-CdtA [45] provided by Dr. Blaise Corthesy (Lausanne. Switzerland), virus-inactivated CFxIII; or jacalin eluate, or jacalin flow-through was applied. The secondary HRP-conjugated goat anti-human IgA (Zymed, Invitrogen, Carlsbad, CA, USA) was then applied. Fluorogenic Amplex Red (Invitrogen) was used for detection. Plates were read on a fluorescent plate reader (Fmax, Molecular Devices ( Figure 2A) ; 7620, Cambridge Technologies ( Figure 2B,C) ). The experiments depicted in Figure 2C used plates coated with either CdtA or with CdtB. The secondary antibody remained the same. Data was plotted using a 4-parameter curve fit using Prism software (GraphPad, Inc., La Jolla, CA, USA). Dilution factors for CFxIII were normalized to the same total protein concentration as jacalin eluate and jacalin flow-through samples. Human IgA anti-CdtA concentrations were calculated using the mouse/human chimeric IgA anti-CdtA standard curve. Jacalin eluate from CFxIII at a dilution of 1:3 has the equivalent toxin A binding capacity as the standard anti-CdtA at 1 ng/mL as shown by the relative responses in this assay.
Human IgA Dimer ELISA. ELISA to quantitate J-chain-containing IgA dimers were performed and analyzed ( Figure 3C ) using plates coated with mouse anti-human J chain antibody (Biogenex, San Ramon, CA, USA). The secondary antibody was HRP-conjugated goat anti-human IgA (Zymed, Invitrogen). Human colostral sIgA (MP Biomedicals, Santa Ana, CA, USA) was used as the positive control. Fluorescent plate reader: 7620, Cambridge Technologies. Plasma IgA dimer was isolated by size exclusion chromatography using an 85 cm long Sephacryl column. The IgA chromatogram peak used in this ELISA is that pictured in lane 4 of Figure 3B . Figure 3B NuPAGE BisTris 4%-12% PAGE. (Invitrogen, Carlsbad, CA, USA).
In Vitro Toxin Neutralization of C. difficile Toxins A and B. IgA neutralizes C. difficile toxins A and B in CT26 cell culture (ATCC). The readout is the "CellTox Green" (Promega, Madison, WI, USA) fluorescent dye which enters dead cells and stains their DNA. The readout is obtained using an fmax (Molecular Devices) fluorescent plate reader. Higher fluorescence units means more cell death. The toxin concentration used in the cell cultures was 100 ng/mL. The amount of polyclonal plasma IgA used to neutralize the toxins was 15 mcg IgA/1 ng toxin A or B. The IgA and CdtA or CdtB were incubated at 37 °C for 1 h before being added to the cell cultures.
ELISA was used to quantitate binding of IgA dimers and monomers to toxins A and B. These ELISAs were performed using plates coated with toxin A (TechLab) or toxin B (Hanping Feng, Baltimore, MD, USA). IgA dimer and monomer were isolated by size exclusion chromatography using an 85 cm long Sephacryl 300 column. The secondary antibody was HRP-conjugated goat anti-human IgA (Zymed, Invitrogen).
ELISA to Demonstrate Laboratory Synthesis of Secretory IgA from Plasma IgA. Plate was coated with mouse anti-secretory component antibody (antibodies-online, Atlanta). Figure 6 shows colostral sIgA (MP Biologicals, Solon, OH, USA) compared with newly synthesized sIgA.
Recombinant Human Secretory Component. The secretory component used in these experiments was prepared in CHO(17) cells and was >95% pure (personal communication Blaise Corthesy). Glycosylation was primarily with galactose-β (1-4)-N-acetylglucosamine and was identical to a human colostral secretory component [54] .
Conclusions
There is substantial evidence that antibody treatment of C. difficile infection is likely to be an important addition to antibiotic therapy. Monoclonal human IgG antibodies administered parenterally are being evaluated in a clinical trial. Semisynthetic polyclonal human secretory IgA can be prepared and is likely to be efficacious.
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